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The determination of the Hubble constant H0 from the well-understood physics of the Cosmic
Microwave Background is in tension at 4.4σ with respect to the model-independent determination
of H0, which uses local supernovas calibrated via the cosmic distance ladder. Here, we present
a new method to obtain the effective calibration prior on the absolute magnitude of Supernovas
Ia by performing a backward analysis on the cosmic distance ladder, and we determine H0 in
a cosmology-independent way, assuming only large-scale homogeneity and isotropy. We find that
H loc0 = 75.66±1.69 km s−1Mpc−1, featuring the very low uncertainty of 2.2%, which is very close to
the 1.9% error obtained by the SH0ES Collaboration. We also constrain the deceleration parameter
to qloc0 = −1.08 ± 0.29, which clearly deviates from the standard-model value of q0 ' −0.55. Our
determination is in tension at 4.7σ with the latest results from the Planck Collaboration that assume
the standard model of cosmology.
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Introduction The ΛCDM model – the standard
model of cosmology – has been extremely successful.
Assuming only General Relativity and well-understood
linear perturbations about a homogeneous and isotropic
background model, it accounts, with just 6 parameters,
for basically all cosmological observations on a vast range
of scales in space and time. Its key ingredients are the
cosmological constant, a constant of nature, and the dark
matter, a yet-undetected particle which is predicted by,
e.g., supersymmetric extensions of the standard model of
particle physics. Although the theoretical basis for both
the cosmological constant and dark matter may be right-
fully questioned, the standard model has been keeping
pragmatically its throne, thanks to its performance and
simplicity.
However, since the first release of the Cosmic Mi-
crowave Background (CMB) observations by the Planck
Collaboration in 2013 [1], the determination of the Hub-
ble constant H0 based on the standard model of cosmol-
ogy started to be in tension with the model-independent
determination via calibrated local supernovas Ia (SN) by
the SH0ES Collaboration in 2011 [2]. The initial tension
of 2.4σ worsened over the past 6 years. On one side,
systematics were better understood and CMB data ac-
cumulated. On the other side, the sample of local super-
novas increased and the anchors used to calibrate them
considerably improved. The present situation is that the
two determinations of the Hubble constant – one by the
Planck Collaboration in 2018 [3] and the other by the
SH0ES Collaboration in 2019 [4] – are now in tension at
the considerable 4.4σ level. See Ref. [5] for a historical
overview of the last 20 years of Hubble constant deter-
minations.
Much work has been done trying to understand the
implications of this tension: it is indeed, by far, the most
sever problem the ΛCDM model is facing. On one hand,
the effect of the local structure – the so-called cosmic vari-
ance on H0 – has been thoroughly studied (see [6] and
references therein), as well as possible re-assessments of
the error budget [7]. On the other hand, physics beyond
the standard model has been investigated, hoping that
this tension could shine a light on possible alternatives
to the highly tuned cosmological constant and the yet-
undetected dark matter [see 8–12, for example]. How-
ever, at the moment, it is not clear which kind of physics
beyond ΛCDM could solve this tension.
Here, we wish to improve on the model-independent
determination of the Hubble constant by clarifying the
role of the deceleration parameter q0 on the the local
measurement of H0. As we show below, starting from
a “backward analysis” of Ref [4], we present a method
to obtain the effective calibration prior on the absolute
magnitude of Supernovas Ia and, assuming only large-
scale homogeneity and isotropy, we determine H0 in a
cosmology-independent way. We obtain the very low un-
certainty of 2.2%, which is very close to the 1.9% error
achieved by the SH0ES Collaboration [4]. Furthermore,
our determination features a higher Hubble constant,
raising the tension to the 4.7σ level. In the following
we will present our methods and results.
The numerical package CalPriorSNIa used to obtain
the effective calibration prior on the absolute magnitude
of the Supernovas Ia is available at github.com/valerio-
marra/CalPriorSNIa.
Cosmography The apparent magnitudemtB of a su-
pernova at redshift z is given by
mtB(z) = 5 log10
[
dL(z)
1Mpc
]
+ 25 +MB , (1)
where dL(z) is the luminosity distance andMB the abso-
lute magnitude. Using a cosmographic approach within
an FLRW metric – which only assumes large-scale homo-
geneity and isotropy – one has:
dL(z) =
cz
H0
[
1 + (1− q0)z2 +O(z
2)
]
, (2)
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2where the Hubble constant and the deceleration param-
eter are defined, respectively, according to:
H0 =
a˙(t)
a(t)
∣∣∣∣
t0
q0 =
−a¨(t)
H(t)2a(t)
∣∣∣∣
t0
. (3)
Cosmography is a model-independent approach in the
sense that it does not assume a specific model as it is
based on the Taylor expansion of the scale factor. How-
ever, this does not mean that its parameters do not con-
tain cosmological information. For example, the deceler-
ation parameter is connected to the parameters of wCDM
cosmologies according to:
q0 =
Ωm0
2 +
1 + 3w
2 Ωde0 =
1 + 3wΩde0
2
= 1− 3 ΩΛ02 ' −0.55 , (4)
where the last equality in first line assumes spatial flat-
ness, the first equality in the second line assumes the
ΛCDM model, and the last one the concordance value of
ΩΛ0 ' 0.7.
Combining now equations (1-2) one has:
mtB = 5 log10
[
1 + (1− q0)z2 +O(z
2)
]
+ 5 log10
czH−10
1 Mpc + 25 +MB . (5)
We are neglecting the second-order correction in the ex-
pansion above because we will consider only low-redshift
supernovas. Indeed, the latest local determinations of
H0 use supernovas in the range 0.023 ≤ z ≤ 0.15, where
the minimum redshift is large enough in order to reduce
the impact of cosmic variance [6, 13] and the maximum
redshift is small enough in order to reduce the impact of
cosmology in the determination of H0. We have to bear
in mind that the cosmographic expansion could be prob-
lematic if extended to high redshifts (z > 1). Indeed, it
fails to converge [14] and also its accuracy depends on the
order adopted [15]. Here, we avoid these possible issues
as the maximum redshift is z = 0.15. Figure 1 shows
the percentage difference with respect to the computa-
tion that considers the second-order correction, together
with the distribution of the Supernovas Ia (SN) from the
Pantheon sample that are used to determine H0 [16, 17].
The weighted error is 0.23%, negligible compared to the
error budget to be discussed below. Furthermore, the
fact that it is safe to neglect the second-order correction
implies that this analysis is valid also for spatially curved
models.
Effective calibration prior The determination of
H0 can then be summarized according to the following
Bayesian analysis:
f(H0,MB |SN) = f(H0)f(MB)L(SN|H0, q0,MB)E , (6)
f(H0|SN) =
ˆ
dMB f(H0,MB |SN) , (7)
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Figure 1. Shown with a solid line is the percentage difference
between the distance modulus with and without the second-
order correction in the expansion of the luminosity distance
of equation (2). The difference is always smaller than 0.7%.
The histogram shows the distribution WSN of the supernovas
in the range 0.023 ≤ z ≤ 0.15 that are used for local deter-
minations of H0. Using this distribution the weighted error
from neglecting the second-order correction is only 0.23%.
where the posterior on H0 was obtained by marginalizing
over MB . In the equations above, f(H0) is an improper
flat prior on H0, L is the likelihood and E is the evi-
dence. SN stands for Pantheon supernovas in the range
0.023 ≤ z ≤ 0.15. f(MB) is the informative prior on the
supernova absolute magnitude and is the result of the
complicated calibration of the local supernovas via the
cosmic distance ladder, see [16] for details.
The likelihood is given by:
L(SN|H0, q0,MB) = |2piΣ|−1/2e− 12χ2(H0,q0,MB) , (8)
where the χ2 function is:
χ2 = {mB,i −mtB(zi)}Σ−1ij {mB,j −mtB(zj)} , (9)
where Σ is the full supernova covariance matrix (includ-
ing systematics) and mB,i are the observed apparent
magnitudes at the redshifts zi.
The analysis of [4] fixes q0 = −0.55 and obtains:1
HR190 = 74.03± 1.42 km s−1Mpc−1 . (10)
Ref. [4] states that the sensitivity of H0 to knowledge
of q0 is very low as the mean SN redshift is only 0.07.
Nonetheless, this analysis assumes the standard model
of cosmology, that is, Ωm0 = 0.3, Ωde0 = 0.7 and w =
−1. This prevents us from constraining q0 and also from
understanding the impact of deceleration parameter on
the final results. It is important to stress that the actual
1 Ref. [4] considers also the second-order term and fixes j0 = 1.
3analysis of [4] is more involved than the one of equation
(6) as it involves many intermediate steps.
The determination of the informative prior on MB via
the calibration of supernovas through the cosmic distance
ladder [16] involves a large amount of astrophysical mea-
surements and is a non-trivial task. Even though ap-
proaches different from the one in [16] have been pro-
posed [see, for example, 7, 18, 19], the full re-analysis
of the data could be very complicated. Here, in order
to get the calibration prior f(MB), we perform a back-
ward analysis from the results of [4]. This is obtained
by demanding that equation (7) gives the constraint of
equation (10). In other words, one uses equations (6-10)
in order to define the effective informative prior f(MB).
Assuming a Gaussian distribution for MB with mean
M¯B and dispersion σM – which is also justified a poste-
riori by the fact that MB is tightly constrained by data
– it is possible to marginalize analytically the 2D poste-
rior in equation (7). The result is that H0 is distributed
according to a lognormal distribution with parameters:
µln =
ln 10
25S0
[
5M¯BS0 + ln 10
(
S0σ
2
M + 1
)− 5S1] , (11)
σln =
ln 10
5
√
1
S0
+ σ2M , (12)
so that HR190 and σHR190 are given by:
HR190 = eµln(M¯B ,σM )+
σln(σM )
2
2 , (13)
σ2HR190
=
(
eσln(σM )
2 − 1
)
e2µln(M¯B ,σM )+σln(σM )
2
. (14)
In the equations above it is:
S0 = V1 · Σ−1 · V T1 , (15)
S1 = W · Σ−1 · V T1 , (16)
where V1 is a row vector of unitary elements and Wi =
mB,i − m˜tB(zi), where m˜tB = mtB −M + 5 log10H0. By
solving equations (13-14) for the values of equation (10)
one obtains the calibration prior f(MB):
MB = −19.224± 0.0405 . (17)
The lognormal distribution on H0 is very close to a Gaus-
sian as shown in Figure 2, where the lognormal f(H0|SN)
is compared with a Gaussian, both with mean and dis-
persion as in equation (10).
Cosmology-independent determination Here, in
order to obtain a cosmology-independent determination
of H0 and identify the impact of q0 on the result, we pro-
pose to marginalize the posterior also over q0, which, as
shown by equation (4), meaningfully contains cosmolog-
ical information. In other words, we wish to obtain H0
via:
f(H0, q0,MB |SN) = f(H0)f(q0)f(MB)LE , (18)
f(H0|SN) =
ˆ
dMBdq0f(H0, q0,MB |SN) , (19)
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Figure 2. Reconstruction of the determination by Riess et al.
(2019) [4] of equation (10) using the effective Gaussian cali-
bration prior of equation (17). Also shown is a Gaussian with
same mean and dispersion. It is evident that the deviation
from Gaussianity is negligible.
where f(q0) is a flat ignorance prior on q0. We have
used emcee [20] – an open-source sampler for Markov
chain Monte Carlo (MCMC) – to sample the posterior
f(H0, q0,MB |SN). Again, we stress that this determina-
tion only assumes large-scale homogeneity and isotropy.
The result of this analysis is presented in Figure 3. We
obtain:
H loc0 = 75.66± 1.69 km s−1Mpc−1 , (20)
qloc0 = −1.08± 0.29 . (21)
The latest CMB-only constraint from the Planck Collab-
oration [3, table 2] is:
HP180 = 67.36± 0.54 km s−1Mpc−1 , (22)
and the tension with our cosmology independent deter-
mination now reaches 4.7σ:
|H loc0 −HP180 |√
σ2H0 + σ
2
HP180
' 4.7 . (23)
However, as it is clear from Figure 3, low-redshift
supernovas contain meaningful information also on q0,
whose distributions is peaked at values lower than the
standard model one of q0 = −0.55. Note that the ΛCDM
model cannot give values of q0 below −1. It is then inter-
esting to compare directly the marginalized 2D posterior
on H0 and q0 from CMB and low-z supernova observa-
tions. We obtained the CMB posterior using the MCMC
chain from the CMB-only Planck 2018 analysis available
at esa.int/Planck. The result is presented in Figure 3,
which shows the tension in the H0-q0 plane.
In order to quantity the tension we adopt the index
of inconsistency (IOI) [21] which directly generalizes the
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Figure 3. Cosmology-independent constraints on the Hub-
ble constant H0 and the deceleration parameter q0 from the
Pantheon supernovas in the redshift range 0.023 ≤ z ≤ 0.15
[17]. The constraints have been marginalized over the ab-
solute magnitude MB . Also shown if the marginalized 2D
constraints on H0 and q0 from the CMB-only Planck 2018
analysis that assumes the standard flat ΛCDMmodel [3]. The
tension between the two determinations is at the 4.7σ level.
estimator of equation (23):
√
2IOI ≡
√
δT (Cloc + CP18)−1δ ' 4.7 , (24)
δ = {H loc0 −HP180 , qloc0 − qP180 } , (25)
where C are the covariance matrixes on H0 and q0 from
the analysis of Figure 3 and δ is the difference vector.
Note that these estimators assume Gaussianity and that
the posteriors on H0 and q0 are very close to Gaussian.
The tension in the H0-q0 plane is again very strong: 4.7σ.
Conclusions We have presented a new method to
obtain the effective calibration prior on the absolute
magnitude of Supernovas Ia and a new cosmology-
independent local determination of both the Hubble con-
stant and the deceleration parameter. As shown in Fig-
ure 3, the allowed values are clearly in tension with what
the CMB predicts if the standard model of cosmology
is valid. The statistical significance of this determination
has the potential of indicating which sector of the ΛCDM
model may contain new physics.
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